Increased cytoplasmic level of migfilin is associated with higher grades of human leiomyosarcoma
Aims: Leiomyosarcomas (LMS) are malignant neoplasms composed of cells that exhibit distinct smooth muscle differentiation. The molecular and cytogenetic features of LMS are complex and no consistent aberrations have been reported to date. Mitogen inducible gene-2 (Mig-2), kindlin and migfilin are recently identified cell-matrix adhesion proteins. The aim was to determine the expression and distribution of these proteins in human smooth muscle tumours of somatic soft tissue. Methods and results: Immunohistochemistry was performed on a human LMS tissue microarray and on sections of human leiomyomas (LM) and normal smooth muscle. Migfilin was barely detectable in normal smooth muscle cells, whereas increased levels of migfilin were observed in the majority of LM and LMS. Furthermore, the cytoplasmic level of migfilin was strongly associated with higher tumour grades.
Introduction
Soft tissue leiomyosarcomas (LMS) are malignant neoplasms composed of cells that exhibit distinct smooth muscle differentiation. 1, 2 They usually occur in middle-aged or older people and represent 5-10% of all soft tissue sarcomas. Soft tissue LMS can be divided into four subgroups depending on their location: retroperitoneal LMS (including the pelvis), LMS arising from large blood vessels (commonly inferior vena cava), non-retroperitoneal soft tissue LMS (most frequently of the lower extremities) and LMS of dermis. 2 Although LMS have been studied extensively, their pathogenesis is unclear. Their molecular and cytogenetic features are complex. 3 Identification of biological markers and elucidation of the molecular mechanisms underlying the pathogenesis of LMS are therefore important.
Many fundamental cellular processes, such as cell proliferation, differentiation, survival and motility, are highly dependent on cell-cell and cell-extracellular matrix (ECM) adhesion. 4, 5 Integrins, the transmembrane receptors that connect the ECM with the inner part of the cell, are associated with a number of proteins that can serve as docking sites for protein-protein interactions and ⁄ or as signal transducers facilitating communication. [6] [7] [8] [9] [10] Thus, alterations in the expression or subcellular distribution of cell-ECM adhesion proteins are frequently associated with the pathogenesis and progression of human cancers.
Recent studies have identified mitogen inducible gene-2 (Mig-2) and kindlin (also known as kindlerin) as key regulators of cell-ECM adhesion, signalling and the actin cytoskeleton. [11] [12] [13] [14] They are encoded by different genes in humans but share significant sequence similarities. The functional importance of Mig-2 and kindlin in cell-ECM adhesion, cytoskeleton organization and signalling is manifested by recent findings from genetic, cell biological and clinical studies. First, genetic studies in Caenorhabditis elegans have shown that UNC-112, the C. elegans orthologue of human Mig-2 ⁄ kindlin, is essential for integrin-mediated ECM adhesion. 12 Second, in human cells, Mig-2 and kindlin are clustered at cell-ECM adhesions and loss of Mig-2 or kindlin reduces cell spreading. 13, 15 Third, human genetic analyses have shown that loss of kindlin results in the development of Kindler syndrome, 16, 17 which is characterized by skin blister formation, cytoskeleton alterations, atrophy and other defects in epidermis and mucosal membranes of the digestive, urinary tract and other tissues. [18] [19] [20] Migfilin is a recently identified Mig-2-and filaminbinding focal adhesion protein. 13, [21] [22] [23] Interestingly, migfilin affects Mig-2 functions at cell-ECM adhesions, indicating that migfilin and Mig-2 work in concert to modulate cell-ECM adhesion and shape change. 13 Notably, migfilin is also involved in the organization of cell-cell adhesion in epithelial and endothelial cells, since depletion of migfilin leads to disorganized adherens junctions and weakened cell-cell adhesion. 23 In addition, migfilin can translocate into the nucleus and regulate gene expression. 21 Although studies in cultured cells have suggested important roles of migfilin in cell adhesion, cytoskeleton organization and migration, the expression of migfilin in human tissues, either in normal or diseased conditions, is unknown.
In the present study, we analysed the expression and distribution of migfilin, Mig-2 and kindlin in normal human soft tissues (including smooth muscle from various locations, endothelium, fibroblasts and myofibroblasts), soft tissue leiomyomas (LM), as well as primary, recurrent and metastatic human LMS.
Materials and methods

samples
Forty well-characterized classical human LMS (31 high grade and nine low grade) and normal smooth muscle were used for the construction of the tissue microarray (TMA) following approval of the study by the Institutional Review Board (IRB). The TMA was constructed by a pathologist (U.N.M.R.). In addition, a set of 21 LM (12 were located in the soft tissue, nine were cutaneous) were examined. This was a blinded study, because the specimens were anonymized per IRB regulations and therefore the histopathological evaluations were objective. The clinical data were linked by an honest broker. Clinical information, including patient's history, age and gender, tumour grade, size and location, was available only to the honest broker.
The tumours were classified as LMS based on morphological characteristics, as previously described. 1, 2 In addition, with immunohistochemistry they were positive for desmin, actin and calponin and negative for CD34, cytokeratin, S100 and C-KIT. Thirteen of the LMS patients were male (mean age 63 years, range 35-75 years) and 27 female (mean age 72 years, range 35-95 years). Twenty-five (62.5%) of the tumours were primary, whereas six (15.0%) were locally recurrent and nine (22.5%) metastatic. Fifteen (60%) of the primary LMS were located in the deep soft tissues, whereas 10 (40%) had a retroperitoneal location. Twenty-five LMS were ‡ 50 mm and 15 were < 50 mm in greater diameter. They were classified as grade 1, 2 and 3 according to their histological type, cellularity, pleomorphism and mitotic index. 24, 25 Grade 1 LMS were considered as low grade, grades 2 and 3 as high-grade neoplasms. 24 
generation of monoclonal anti-kindlin antibody
Mouse monoclonal anti-migfilin and anti-Mig-2 antibodies have been previously described. 13 To generate monoclonal anti-kindlin antibodies, a cDNA fragment was cloned encoding human kindlin residues 216-677 into the pGEX-5x-1 vector (Pharmacia, Sandwich, UK). The recombinant vector was used to transform Escherichia coli cells. The expression of the glutathione-S-transferase (GST)-kindlin fusion protein was induced with isopropyl b-D-1-thiogalactopyranoside. GST-kindlin fusion protein was purified by affinity chromatography using glutathione-Sepharose 4B. Purified GST-kindlin fusion protein was used as an antigen to immunize mice, as we have previously described. 13, 24 Hybridoma supernatants were initially screened for anti-kindlin activity by enzyme-linked immunosorbent assay (ELISA) using maltose-binding protein (MBP) fusion proteins containing kindlin residues 216-677. Antibodies that recognize MBP-kindlin in ELISA were selected and further tested by Western blotting using green fluorescent protein (GFP)-tagged kindlin expressed by mammalian cells. The specificity of the monoclonal antibodies was confirmed by Western blot of kindlin-expressing and knocking-down cells as described in Results.
immunohistochemistry
The study was conducted on formalin-fixed paraffinembedded tissue samples from primary, locally recurrent and metastatic LMS that were retrieved from the Department of Pathology, University of Pittsburgh and the University of Pittsburgh Medical Center Presbyterian-Shadyside Hospitals. The most representative areas of each tumour were selected for the construction of the TMA cores. Following deparaffinization, standard immunohistochemistry was performed using purified mouse monoclonal antimigfilin (1 lg IgG ⁄ ml), anti-Mig2 (3 lg IgG ⁄ ml) and anti-kindlin (16 lg IgG ⁄ ml) antibodies. Formalin-fixed paraffin-embedded tissue samples from LM were analysed by immunohistochemistry following the same protocol.
The intensity of the immunopositivity was evaluated independently by two pathologists (D.J.P. and U.N.M.R.) and was scored on a scale of 0-3+ according to the following assessment: 0, no immunoreactivity; 1+, weak; 2+, moderate; 3+, strong immunopositivity. There was a high level of consistency of staining between the duplicate TMA cores.
small interference rna against kindlin
Human immortalized keratinocytes (HaCaT) were transfected with a kindlin-specific small interfering (si) RNA with target sequence 5¢-AAGACACAUCCAUAG CAUACU-3¢ or a non-specific control RNA, using the Oligofectamine transfection system (Invitrogen, Carlsbad, CA, USA). Kindlin siRNA transfectants and control transfectants were analysed by Western blotting with monoclonal anti-kindlin antibody 4A5. Equal loading was confirmed by re-probing the same membrane with an anti-actin antibody.
immunofluorescent cell staining
Immunofluorescent staining was performed as described previously. 25 Briefly, HaCaT cells were plated on fibronectin-coated cover slips, fixed with 4% paraformaldehyde and stained with either the anti-kindlin mouse monoclonal antibody and rhodamine-red-conjugated goat antimouse secondary antibody, or just the secondary antibody (as a negative control).
statistical analysis
Statistical analysis (v 2 test, Mann-Whitney U-test, Kendall's s-test, binary logistic regression) was performed using SPSS 12.0 for Windows (SPSS Inc., Chicago, IL, USA). A P-value < 0.05 was considered to be statistically significant. The Mann-Whitney U-test was employed in order to test whether there were significant differences in means of the examined variables between high-and low-grade tumours. Kendall's s-test was used in order to determine the strength of association between the immunohistochemical profiles of the different proteins.
Results
generation and characterization of monoclonal anti-kindlin antibodies
Kindlin is a recently identified focal adhesion protein, 15, 16 loss of which has been associated with the Kindler syndrome. The level of kindlin protein in human tumours, however, has not previously been analysed. To facilitate studies of kindlin protein levels in human tumours, we generated a monoclonal antibody against human kindlin protein as described in Materials and methods. Hybridoma supernatants were initially screened for anti-kindlin activity by ELISA using MBP fusion proteins containing kindlin residues 216-677. Antibodies that recognize MBPkindlin in ELISA were selected and further tested by Western blotting using GFP-tagged kindlin expressed by mammalian cells. A positive clone (clone 4A5.14) was selected and subsequently used to detect kindlin in normal human immortalized keratinocytes (HaCaT cells) transfected with either a control RNA or a siRNA against kindlin. As shown in Figure 1 , clone 4A5.14 recognizes a protein band with predicted human kindlin molecular mass (77.4 kDa). The level of this protein was dramatically reduced in the kindlin-siRNA-transfected cells (Figure 1 , compare lane 1 with lane 2), confirming that clone 4A5.14 specifically recognizes kindlin.
To characterize further the 4A5.14 antikindlin antibody, immunofluorescence studies were performed using HaCaT cells. Clusters of kindlin were detected in focal adhesions consistent with previous findings 18, 19 ( Figure 2B, arrows) . No specific staining was observed when the cells were stained with just the secondary antibody (Figure 2A) , confirming the specificity of the immunofluorescent staining.
expression of kindlin in normal human smooth muscle, lm and lms
To examine the level of kindlin in normal smooth muscle tissue, sections of normal smooth muscle were first stained using monoclonal anti-kindlin antibody 4A5.14. As shown in Figure 3A , kindlin was diffusely expressed in normal smooth muscle cells, its localization being exclusively cytoplasmic. Staining of LM with the monoclonal anti-kindlin antibody showed that kindlin was also diffusely expressed in the cytoplasm in the majority of the examined tumours (89%) ( Figure 4A ). Interestingly, strong kindlin immunoreactivity was detected in endothelial cells in LM tissues ( Figure 4A ).
Thirty-nine out of 40 (97.5%) LMS of all grades displayed diffuse, cytoplasmic immunoreactivity for kindlin ( Figure 3C-F) . There was no variation in the pattern of immunoreactivity in different grades of LMS. Kindlin immunoreactivity did not display significant differences between high-and low-grade neoplasms (Mann-Whitney U-test, P ¼ 0.5). In addition, no significant differences between low-grade LMS and LM were observed (Mann-Whitney U-test, P ¼ 0.45). Strong kindlin immunoreactivity was expressed in endothelial cells within the tumour parenchyma ( Figure 3B ).
expression of mig-2 in normal human smooth muscle, lm and lms
Diffuse cytoplasmic and nuclear Mig-2 immunoreactivity was detected in normal smooth muscle ( Figure 5A ). Diffuse Mig-2 immunoreactivity was also detected in all of the LM cases that were analysed ( Figure 4B ). In LMS, 38 ⁄ 40 (95%) of LMS were Mig-2+ (Table 1 ) (Figure 5D ,F). The staining pattern appeared similar in tumours of all grades. There was no significant correlation between the expression levels of Mig-2 among high-and low-grade LMS or between low-grade LMS and LM (Mann-Whitney U-test, P ¼ 0.365 and 0.4, respectively).
expression of migfilin in normal human smooth muscle, lm and lms
Migfilin was barely detectable in normal smooth muscle cells ( Figure 5B) . Notably, however, intense migfilin immunopositivity was detected in endothelial cells ( Figure 5C ). Migfilin was diffusely expressed in 14 (10 conventional soft tissue LM and four cutaneous LM) out of 21 (66.7%) LM cases ( Figure 4C,D) . Migfilin immunoreactivity in LM appeared to be principally cytoplasmic. Strong migfilin reactivity was detected in endothelial cells in all samples analysed (see, for example, Figure 4D ). Diffuse migfilin expression was observed in 67.5% (27 ⁄ 40) of the examined LMS. Twenty-one out of 31 (68%) high-grade and six of nine (67%) low-grade tumours were migfilin immunopositive (Table 1) . Both cytoplasmic and nuclear immunoreactivity was observed, with more intense reactivity in the cytoplasm ( Figure 5E ,G). Migfilin was strongly expressed (2+ ⁄ 3+) in the cytoplasm of 14 out of 31 high-grade tumours, whereas only one out of nine lowgrade tumours had strong cytoplasmic migfilin staining (2+) ( Table 1 ).
correlation of the expression level of migfilin with tumour grade in human lms
When both nuclear and cytoplasmic levels were taken into account, there was no apparent correlation between the level of migfilin and LMS grade. Nuclear levels of migfilin were not significantly associated with tumour grade (P ¼ 0.602). However, when only cytoplasmic levels were considered for statistical analysis, a significantly stronger expression of migfilin in Table 1 for a summary of tumour grade, clinical features and immunopositivity ⁄ localization of migfilin and Mig-2 in all 40 human LMS that were analysed.
the high-grade compared with the low-grade LMS was demonstrated (Mann-Whitney U-test, P ¼ 0.032). Statistical analysis did not reveal any difference between the protein levels of migfilin in LM and lowgrade LMS (Mann-Whitney U-test, P ¼ 0.37).
correlation between the levels of mig-2 , migfilin and kindlin in lms
The nuclear level of migfilin was not significantly related to that of Mig-2 (Kendall's s ¼ 0.274, P ¼ 0.06). Interestingly, however, when the statistical analysis included only their cytoplasmic levels (Table 1) , a significant correlation between migfilin and Mig-2 cytoplasmic levels was revealed (Kendall's s ¼ 0.674, P ¼ 0.014), indicating that the cytoplasmic levels of migfilin and Mig-2 are strongly associated in LMS. No significant association between kindlin and Mig-2 or between kindlin and migfilin in LMS was revealed (P > 0.05 for both associations).
clinicopathological findings
Several clinicopathological parameters were analysed to determine the correlation of each adhesion molecule with the tumour grade, gender and age, histopatho- logical grade and size, location and biological behaviour (recurrent or metastatic) of the tumour. The intensity and degree of immunoreactivity of Mig-2, migfilin and kindlin were not different within primary and recurrent ⁄ metastatic LMS, or between small (< 50 mm) and large ( ‡ 50 mm) neoplasms.
role of migfilin as a potent biological marker
In order to investigate the importance of migfilin, Mig-2 and kindlin as potent biological predictors of tumour grade, their cytoplasmic levels were tested as categorical variables using binary logistic regression analysis. The most significant association among protein level and LMS grade was found for migfilin (P ¼ 0.03). Evaluation of the levels of cytoplasmic expression of migfilin could predict a high-grade LMS tumour with a sensitivity of 70%, specificity of 84% and overall accuracy of 74%.
Discussion
Cell-cell and cell-ECM adhesions regulate cell morphology and participate in many fundamental cellular processes. 7, 8 Consequently, aberrations in the expression of cell adhesion molecules are often associated with tumour development. 26, 27 In the present study, we investigated the level and distribution of three cell-ECM adhesion proteins, namely kindlin, Mig-2 and migfilin, in normal human smooth muscle, LM and primary, recurrent and metastatic LMS.
Kindlin was expressed in normal smooth muscle, LM and LMS. Its level of expression did not display significant differences between high-and low-grade LMS, or between LM and low-grade LMS. No association was found between the immunohistochemical profiles of kindlin and Mig-2 or migfilin. This suggests that although kindlin and Mig-2 are structurally related, their levels of expression are not linked and up-regulation of one does not necessarily predict the expression level of the other.
With regards to migfilin, our results show that it is readily detectable in the majority (67.5%) of LMS and LM (66.7%), but not in normal smooth muscle cells. This suggests that migfilin is involved in the pathogenesis of smooth muscle neoplasms. Importantly, statistical analysis revealed that the cytoplasmic level of migfilin is significantly higher in high-grade compared with lowgrade LMS. These findings, together with our recent findings that migfilin functions as an important component of cell-ECM and cell-cell adhesion networks and regulates cell migration, 13, 22, 23, 28 suggest a role for cytoplasmic migfilin in LMS progression.
Kato et al. 29 have recently analysed Mig-2 expression in 13 cases of uterine LM and one case of LMS. The results showed that Mig-2 expression was elevated in 12 out of 13 cases of human uterine LM, but was reduced in the single case of uterine LMS that was analysed. The present study analysed the subcellular distribution and expression levels of Mig-2 in 40 cases of LMS (31 high grade and nine low grade), as well as in soft tissue LM and normal smooth muscle. Consistent with the study by Kato et al., 29 abundant Mig-2 was detected in all LM that were analysed. However, Mig-2 immunoreactivity was also detected in the majority (38 out of 40 LMS cases) of soft tissue LMS. This may reflect a different role for Mig-2 in the pathobiology of deep soft LMS analysed in the current study in comparison with uterine LMS analysed by Kato et al. 29 Alternatively, this may stem from the difference in the numbers of LMS cases analysed in these studies (one single uterine LMS in the study by Kato et al. 29 versus 40 soft tissue LMS cases in the current study).
Consistent with our recent results showing that migfilin and Mig-2 are co-localized at cell-ECM adhesions, 13, 22, 23 statistical analysis of our immunohistochemical data reveal that the cytoplasmic levels of these proteins are positively and significantly correlated with each other. The parallel up-regulation of these proteins implies that the cytoplasmic migfilin-Mig-2 complex may be involved in the pathogenesis and progression of human LMS. Migfilin has been implicated in transcriptional regulation in mouse cardiomyocytes. 21 Nuclear migfilin was also detected in the current study. It will be interesting to determine the role of nuclear migfilin in normal and transformed smooth muscle cells.
In conclusion, in the present study we have investigated the potential of migfilin and Mig-2 as molecular markers that might contribute to the distinction between high-and low-grade LMS. The results have revealed a significant association between cytoplasmic migfilin levels and LMS grade, suggesting that the migfilin cytoplasmic level may be used to aid the determination of different histological grades of LMS, especially in small biopsy specimens of deep soft tissue and retroperitoneal tumours.
